The time frame and geographical patterns of diversification processes in European 23 temperate-montane herbs are still not well understood. We used the sexual species of the 24 Ranunculus auricomus complex as a model system to understand how vicariance vs. dispersal 25 processes in the context of Pleistocene climatic fluctuations have triggered speciation in 26 temperate-montane plant species. We employed Target Enrichment sequence data from about 27 600 nuclear genes and coalescent-based species tree inference methods to resolve phylogenetic 28 relationships among the sexual taxa of the complex. We estimated absolute divergence times 29 and, using ancestral range reconstruction, we tested if speciation was rather enhanced by 30 vicariance or dispersal processes. 31 Phylogenetic relationships among taxa were fully resolved. Incongruence among species 32 trees mainly concerned the intraspecific relationships in R. notabilis s.l., R. cassubicifolius s.l., 33 and the position of the tetraploid R. marsicus. Speciation events took place in a very short time 34 at the end of the Mid-Pleistocene Transition (830-580 ka). A second wave of intraspecific 35 geographical differentiation within and around the European mountain systems happened 36 between 200-100 ka. Ancestral range reconstruction supports the existence of a widespread 37 European ancestor of the R. auricomus complex. Vicariance processes have triggered allopatric 38 speciation in temperate-montane plant species during the climatic deterioration occurred in the 39 last phase of the Mid-Pleistocene Transition. Vegetation restructuring from forest into tundra 40 could have confined these forest species into isolated glacial refugia. During subsequent 41 warming periods, range expansions of these locally distributed species could have been 42 hampered by congeneric competitors in the same habitat. 43 44 3
INTRODUCTION 47 48
Pleistocene climatic fluctuations have caused periodical range shifts (e.g., north-south) 49 and/or range expansions and contractions in northern hemisphere plant species. The alternation 50 of cold and warm periods has characterized the entire Quaternary (the last 1.8 Ma). In Europe, 51 cold periods have produced southward shifts in the distribution ranges of temperate species (in 52 the so-called "Mediterranean refugia"; Taberlet, Fumagalli, Wust-Saucy, & Cosson, 1998; 53 Brewer et al., 2002) and/or survival of these in few, isolated central European refugial areas 54 (e.g., Magri et al., 2006; Naydenov, Senneville, Beaulieu, Tremblay, & Bousquet, 2007) . On 55 the other hand, warmer interglacials have favoured range expansion towards north and the 56 formation of contact zones among diverged populations of the same species (Hewitt, 1999; 57 Magri, 2008) . As a result, the survival of formerly coherent population groups in isolated 58 refugia promoted allopatric speciation. Range expansions and the consequent formation of 59 secondary contact zones resulted in hybridization, and eventually in the formation of new taxa 60 through allopolyploidization (Stebbins, 1984; Abbott et al., 2013) . 61
In the last three decades, many studies have elucidated distribution and diversification in 62 European high alpine plant species (see Vargas, 2003; Schönswetter, Stehlik, Holderegger, & 63 Tribsch, 2005) . Although many studies have highlighted the importance of vicariance and 64 postglacial recolonization for explaining phylogeographical patterns in alpine plant species 65 (Taberlet et al., 1998 & Oberprieler, 2017). Cold periods have not exclusively influenced the actual species 70 distribution and intraspecific genetic patterns of alpine species, they have also actively 71 promoted divergence and speciation, as documented in studies on animals (Knowles, 2001) and 72 plants (Kadereit, Griebeler, & Comes, 2004 ). In the latter study, the authors observed that 73 speciation processes in Primula sect. Auricula occurred principally during glacial periods in 74 geographically isolated refugia. 75
Much less information is available on montane and/or subalpine plant species of the northern 76 hemisphere. Research of forest plants focused on the dominating tree species, such as beech, 77 oaks and pine (e.g., Magri, 2008; Brewer et al., 2002; Naydenov et al., 2007 Table 1) . 108
In the present study, we address two questions concerning the spatio-temporal diversification 109 of temperate-montane species in Europe, using as study object the sexual species of the 110 selected target regions (genes) ranged from 121 to 5291 bp and included at least one exonic 141 fragment each. 142
Arbor Biosciences (Ann Arbor, Michigan, USA) produced a MYbaits target enrichment kit 143 with 20,000, 120 bp long in-solution biotinylated baits based on target sequence information. 144 Processing of the obtained raw reads was done using the pipeline HybPhyloMaker (Fér & 156 Schmickl, 2018) . We produced different sets of alignments by performing phasing or not, and 157 by applying different filtering schemes for paralogs and alignment positions (see Supporting  158 Information for details on library preparation and read processing). 159 160
Gene tree and species tree analyses 161
For all different datasets, species trees were estimated (i) using Maximum Likelihood (ML) 162 as implemented in RAxML v8.2.4 (Stamatakis, 2014) on the concatenated datasets (concatML) 163 and (ii) applying the coalescent-based method ASTRAL III (Chao, Rabiee, Sayyari, & Mirarab, 164 2018 (Junier & Zdobnov, 2010) . Species trees were inferred 178 applying the coalescent-based algorithm implemented in ASTRAL-III v5.6.3 (Chao et al., 179 2018) with 100 multi-locus bootstrap replicates. To assess the amount of gene tree conflict on 180 branches, we measured the quartet support on the ASTRAL trees (Sayyari & Mirarab, 2016 ) 181 for the main, the first alternative and the second alternative topologies ("-t 8" option in 182 ASTRAL). In addition, we also quantified branch support and conflict on the concatML trees 183 with the Quartet Sampling method (Pease, Brown, Walker, Hinchliff, & Smith, 2018). 184 185
Divergence time estimation 186
To obtain absolute divergence times, we used two secondary calibration points for the 187 analyses. The crown age of the R. auricomus complex was set according to Hörandl (2004) . In 188 this study, the divergence time between R. notabilis and R. carpaticola was estimated as 189 914,000 years, whereas the split between R. notabilis and R. cassubicifolius as 535,000 years. 190
Consequently, we applied a normally distributed tmrca prior to the crown age of the complex, 191 with prior distribution ranging between the two age estimates (0.7245, ±0. gene alignments with the highest number of parsimony informative sites (PI) from those of the 197 consensus dataset, without paralog filtering and cleaned from "phantom spikes". We estimated 198 the best fitting substitution model for each of the 50 loci (Table S2) Input files for the BEAST analysis were prepared in BEAUti v2.5.2 (Bouckaert et al., 2019) . 201
We used the *BEAST template and unlinked substitution models, clock models and gene trees 202 for all loci. The strict clock was enforced and the average clock rate for one random locus was 203 fixed to 1.66x10 -6 while estimating all other clock rates in relation to this locus. Formerly 204 described species were treated as independent lineages. Tetraploid accessions of 205 R. cassubicifolius were treated separately from the diploid representatives of the species. 206
Since the main goal of the analyses was to estimate the time frame of speciation events, and 207 since these analyses were based only on a reduced number of loci, we used a soft-constrained 208 approach on the species tree topology in order to reach faster convergence and to make the 209 topology of the *BEAST tree similar to the topology of the species trees obtained with the other 210 methods. In particular, the monophyly of the clade with the Illyrian taxa was enforced. 211
Substitution models for each locus were adjusted to those found with jModeltest, and the 212 Birth-Death model was used as prior on the species tree. Two independent analyses were run 213 for 2x10 9 generations, sampling every 100,000 th generation. ESS values and convergence 214 between independent analyses were checked in Tracer v1.6 (Rambaut & Drummond, 2007) . 215
Results of the two analyses were merged using LogCombiner v2.5.2 (Bouckaert et al., 2019) 216 applying a burn-in of 10%. Finally, the remaining 18,000 trees were used to construct a 217 maximum clade credibility tree with a posterior probability limit set to 0.5 and "Mean Heights" 218 for node heights using TreeAnnotator v2.5.2 (Bouckaert et al., 2019) . Another set of analyses 219 was performed as above-described, but including only the ingroup taxa, since many authors 220 highlighted that using outgroups in coalescent-based analyses violates some of the model we performed an ancestral area reconstruction with the R package BioGeoBEARS v1.1.2 228 (Matzke, 2018) . This approach allows several models of biogeographic evolution to be 229 compared via likelihood-based model selection (Matzke, 2013) . Since sexual R. auricomus 230 species grow within or near the main European mountain ranges, we assigned them to the seven 231 following areas: Northern Carpathian (A), Southern Carpathian (B), Illyrian region (at the edge 232 of the south-eastern Alps border; C), Northern Prealps (D), Central Apennines (E), Massif 233 Central (F) and Pyrenees (G; Figure 1 ). As tree input, we used the *BEAST tree without the 234 outgroup taxa, since the employment of widely distributed and non-uniformly sampled 235 outgroups would have been counterproductive for the analyses. We specified a distance matrix 236 (including scaled geographic distances among predefined areas), and activated the x parameter, 237 which can be used to estimate dispersal probability as a function of distance (Van Dam & 238 Matzke, 2016) . Ancestral areas were estimated under all six available models DEC, DIVA-239 LIKE and BAYAREA-LIKE, with and without the jump-dispersal parameter j. We compared 240 the different nested models (e.g., DEC+x against DEC) with a likelihood ratio test (LRT) and 241 selected the overall best-fitting model using the Akaike Information Criterion (AIC). 242 243 3 RESULTS 244 245
Gene Capture and Sequencing 246
The average number of obtained reads per sample was 1,373,158 (867,000 to 2,178,952). 247
Read quality was relatively high, and on average only 3.27% of reads per sample were discarded 248 after quality check (Table S3 ). The average percent of mapped reads was 70.14%, with mapping 249 success ranging from 53% to 82%, and only one sample (R. notabilis s.l.; 2) exhibiting a 250 considerably lower number of mapped reads (26.89%; Table S4 ). Mapping success was not 251 taxon dependent. The sample with the highest mapping percent belongs to the outgroup 252 (R. pygmaeus, 82.48%). From the initial 736 target loci, 700 were successfully captured. In 253 average, 612 loci per sample were captured, with LH008-7 (R. cassubicifolius) capturing best 254 (621 loci), and R. sceleratus lowest (595 loci). 255
Alignments and the impact of the different filtering schemes 257
The number of alignments used for the phylogenetic analyses varied according to the 258 filtering scheme applied (Table 2 ). For the "consensus dataset", about 15% of loci were 259 excluded after missing data filtering and more than 25% after paralog filtering (more than 50% 260 of the total alignment length). Concerning the "allele alignments", working with exons made it 261 possible to retrieve more loci (more than 80% and 50% of the total alignment length before and 262 after paralog filtering, respectively). More details are given in Table 2 . 263
Allele phasing generated alignments with a considerably higher proportion of PI sites 264 compared to the consensus alignments (5.82% and 1.4% on average, respectively). Paralog 265 filtering resulted in a loss of a fraction of PI sites in both the consensus and the allele datasets. 266
When selecting the 50 loci for the BEAST analyses, 14.02% (78,458 bp) of the total matrix 267 length was retrieved, comprising >23% of total PI sites (1,971). Lists of the alignments used in 268 the different filtering schemes, their characteristics and substitution models of the loci selected 269 for the BEAST analyses are given in Table S2 . 270 271
Phylogenetic analyses and species trees 272
Species trees obtained from the concatML and coalescent-based analyses of the consensus 273 dataset showed topological incongruences across most of the filtering scenarios. When using 274 allele alignments, coalescent-based species trees obtained from different filtering treatments 275 showed always the same topology, differing only slightly in support values and branch lengths. 276
When taking the average local posterior probability (LPP) of the Astral bootstrap trees as 277 criterion to compare different treatments, paralog filtering significantly worsened the results (in 278 a post hoc Tukey's test only differences between treatments with and without paralog filtering 279 were significant; Table S5 ), whereas position filtering improved support values slightly in some 280 cases ( Figure S1 ). No significant differences were noticed between "consensus" and "allele" 281 datasets. Accordingly, and as a matter of simplicity, only results of the "consensus" and "allele" 
Age estimation 303
Results from the two *BEAST analyses (including and excluding the outgroup) were 304 congruent to a large extent, varying only slightly on the age estimates. As for the concatML and 305 the ASTRAL species tree, relationships within R. notabilis s.l. and within R. cassubicifolius s.l. 306 are blurred and phylogenetic relationships receive low support (Figures 4 and S8) . 307
The crown age of the R. auricomus complex is estimated to be approximately 733.5 ka 308 (Table 3) , somewhat older (~750 Ma) in the analyses including outgroups ( Figure S8 ). Most of 309 the speciation events occurred between 830 and 580 ka. The only exception is the Apenninian 310 R. marsicus, which diverged from R. notabilis s.l. more recently (266-107 ka). However, the 311 latter result does not seem to be supported by the concatML and by the species tree analyses, in 312 which R. marsicus is rather found to be related to R. envalirensis (but see support values in 313 The Likelihood Ratio Test (LRT) shows that results of models including the x parameter 320 were significantly better (p <0.05) than those without this parameter (Table S6 ). The j parameter 321 did not improve the model fit for DEC and DIVA-LIKE, whereas it considerably ameliorated 322 the BAYAREA-LIKE model fit. Overall, the best-fitting model was the DIVA-like+x (Table 4) . 
Time frame of diversification processes 402
The crown age of the R. auricomus complex was estimated to be about 730 ka (Table 3) . 403 Hörandl (2004) estimated the divergence time between three sexual species using isozyme 404 allelic frequencies and genetic distances after Nei, (1975) . Ages of these divergence events were 405 estimated to 914,000 and 535,000 years, respectively, even though they describe the same split 406 in the phylogeny of the complex (the crown age of the whole group). Therefore, using a broad 407 prior for the crown age of the complex and a relatively informative prior for the clock rate 408 (according to the mutation rates estimated for the complex by Pellino et al., 2013), we were 409 able to estimate the age of this node more precisely. Moreover, we obtained the time frame of 410 all speciation events among sexual representatives of R. auricomus. Interestingly, almost all 411 these events have taken place in a very short time between 830 and 580 ka (Figure 4 ). The only 412 exception is the tetraploid species R. marsicus, which seems to have diverged much more 413 recently (but see considerations about uncertainty above). The divergence estimates for all these 414 amplitude 100-ka cycles (Lisiecki & Raymo, 2005) . Glaciations became longer and more 419 severe, and the average global ice volume increased consistently, with larger increases at high 420 and middle latitudes of Eurasia and North America (Raymo, Lisiecki & Nisancioglu, 2006; 421 Elderfield et al., 2012) . This process became progressively stronger, and evidence from all 422 northern continents indicates that the Marine Isotope Stage (MIS) 22 (~870-880 ka) was the 423 first of the major glaciation events characterising the later Pleistocene (Head & Gibbard, 2005) . (Figure 4) . As for the alpine taxa, probably also for 437 montane plant species the last couple of glaciation cycles were a triggering force shaping 438 intraspecific genetic patterns, but not sufficiently long to complete speciation processes. 439
Overall, our age estimates are concordant with those found in previous studies (Hörandl, 2004; 440 Emadzade & Hörandl, 2011; Pellino et al., 2013) . In Hörandl (2004) 
and in Emadzade & 441
Hörandl (2011) diversification processes within R. cassubicifolius were found to be slightly 442 older, 317 ka and 640 ka, respectively. In our analyses, sexual tetraploids in R. cassubicifolius 443 were found to be approximatively 95,000 years old. This result is in accordance with previous 444 studies estimating the maximum age of hexaploid apomictic derivatives as 80,000 years 445 (Pellino et al., 2013) , and confirms the general assumption that the origin of polyploids is 446 associated with the last glaciation cycle. 447 448
Biogeographical history 449
In our biogeographical analyses, the AIC preferred models supporting the existence of a 450 widespread ancestor for the R. auricomus complex, stressing the importance of vicariance in 451 triggering speciation events among sexual representatives of the complex (Table 4) code 3166-2. Altitude is given in meter above sea level (m.a.s.l.). † indicates samples from type material or collected from "locus classicus" 758 and nearby. Range codes are those used in BioGeoBEARS for the ancestral range reconstruction and correspond to those in Figure 1 . Map 759
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